Hexagonal Sr0.6Ba0.4MnO3 undergoes ferroelectric (FE) and antiferromagnetic (AFM) orderings having competing energetics within a narrow range close to the room temperature.
In recent years, in some magneto-electric materials including cubic Sr 1-x Ba x MnO 3 , the prerequisite of d 0 -ness is not enforced for ferroelectricity (FE) [1] [2] [3] [4] [5] [6] . Rather, the FE-origin in them is attributed to particulate atomic displacements responsible for the inversion-symmetry breaking, softening the appropriate phonon modes-which couple with the magnetic ordering in the material [7, 8] -thus realizing a novel mechanism for magneto-electricity. First principles calculations on TbMnO 3 featuring larger ionic-displacements of Mn 3+ and Tb 3+ (vs. oxygen's)
have adequately explained its observed FE polarization magnitude [9, 10] . Ferroelectricity in cubic Sr 1-x Ba x MnO 3 is induced due to the z-displacement of Mn 4+ ion and modulation in O-Mn-450K. Magnetization measurement was carried out using 7T SQUID VSM (Quantum Design, USA). Dielectric measurements over 10Hz to 1MHz were performed in the temperature range of 100K to 430K in cooling cycle using Alpha-A high performance frequency analyzer (Novo Control). Specific heat C p (T) was obtained at 5°C/min warm up rate from STAR E DSC-1 (Differential Scanning Calorimeter, Mettler-Toledo). Temperature dependent XRD measurements were performed using Synchrotron source at RRCAT Indus-2, BL-12. Field dependent isothermal magneto-dielectric measurements at 1kHz| 210K and 1MHz| 300K were performed using Alpha-A high-performance frequency analyzer (Novo Control) and a 9Tesla
Integra cryostat/magnet (Oxford NanoSystems).
XRD analysis of the SBMO sample with Rietvield refinement and Le Bail fitting performed using Full Prof software confirms its single phase nature with hexagonal P6 3 /mmc symmetry (shown in Fig. 1 (a)) [12, 13] . EDAX measurement confirmed the stoichiometry of SBMO (shown in Fig. 1(b) ). We have also carried out X-ray absorption spectroscopy (XAS) studies at Mn-L edge of SBMO, as shown in Fig. 1 and another non-linear Mn-O-Mn (J 2 ) (bond angle 78.36°, as estimated from the analysis of the XRD pattern, Fig. 1(d) ). Both the observed anomalies are due to alterations in local structure, affecting the superexchange interactions in both these networks [12] . The two anomalies are further confirmed by fitting magnetization with spin-Hamiltonians for separate temperature regimes, as discussed later in the manuscript in detail.
To establish the bona fides of the dielectric data on our ceramic specimen, we first examine and isolate the ω-T ranges of its main contributions. As the losses (εʺ = σʹ/ε 0 ω) from various channels simply add up; vis-à-vis bulk, the extrinsic conductivity due to electrode surface layer and grain-boundaries dominates at low-ω and high-T, having its stronger thermal activation character ( !~ !! ! ! ! ! , with ! !"# > ! !"# ) and slower frequency dependence (1/τ ext < 1/τ int ) [14, 15] . Therefore, to carry out a worst case analysis, we select our room temperature data, taken over a moderately broad frequency range (1Hz-1MHz). At room temperature, no relaxation loss-peak (in εʺ or tanδ) is observed-which appears to be shifted up and out of our measurement frequency range-therefore, we employ the ac-transport representation for the purpose. To this end, the complex impedance Nyquist plot is shown in Fig.2 , with full range in the main-panel and its low-frequency zoom in the right-inset. From the clearly tri-sectioned behavior of the Nyquist plot, we immediately discern that the 'linear' Zʺ vs. Zʹ regimes are due to the responses attributed to electrode surface layer (sample-boundary) for f ≲ 60Hz, and to the grain-boundary for f ≲ 1kHz. Their origin is the nearly constant/dispersion-free conductivity (left inset/right y-axis, with σʹ ≫ σʺ), where the 'constant' slopes of Zʺ(Zʹ) at low frequencies directly relate to the 'power-law' manifestations of tanδ(ω)-ΔZʺ/ΔZʹ ∝ log(tan ) log . Typically large losses (Zʹ/Zʺ = σʹ/σʺ = εʺ/εʹ ≫ 1) here characterize the two extraneous contributions. The 'linear' Zʺ vs. Zʹ regimes signify the well-known 'constant phase element' [16] feature of our room temperature dielectric data, as also shown in the left inset (left y-axis). Furthermore, the higher-frequency impedance (Z*) traces out a semicircle and dispersive conductivity follows the Jonscher power-law (left inset/right y-axis);
, reflecting the bulk response. Therefore, the room temperature ac-response above ~O(kHz) is rigorously delineated as predominantly intra-grain, and can thus be safely treated as intrinsic. The extrinsic/intrinsic crossover frequency downshifts at lower temperatures; e.g., by some two orders of magnitude at 150K. (Fig. 3(a) ) shows a peak at ≈355K (marked P1, which is frequency-indifferent up to ±3K)-evidencing a "quasi-local FE" transition for SBMO. Specific heat (C p -T, inset) also clearly depicts a wide peak at 357K near the Curie temperature T C . About ~130K below P1, slopes of decreasing ! ! ( ) steepen with frequency dependent shoulders (marked as P2, close to T 2 ). Plotted on the logarithmic scale ( Fig. 3(b) ), the dielectric constant is seen to enter a 'plateau' region some ~30K below P1 (for all ω's), which lasts down to P2. In dε′/dT plot (inset of Fig. 3(b) ), two sets of peaks are noticed; one with a systematic ω-T dispersion, corresponding to the shoulder (feature P2 in Fig. 2(a) ) and another, relatively frequency in-deviant one around ~320K. The latter peak in dε′/dT is close to T 1 , signaling a magneto-electric (ME) coupling. Upon cooling across this temperature, the usual steeply-decreasing ! ! ( ) (consequent to the increasing polarization P) give way to the gradually-sloping plateaus ( Fig. 3(b) ). Emergence of plateaus at ~320K (relatively frequency-indifferent) signifies spin-order imposed breakage of the quasi-long-range polar state-resulting in the response of smaller entities lacking a sizescale, as reckoned below. Furthermore, shoulders near T 2 dispersed across ~P2 (plateaus' demise) clearly evidence another magneto-electric switchover, to a reentrant segmental electrical-organization (size-distributed entities' response), triggered by the second magnetic anomaly. Loss tangent tan ! ( ) in Fig. 3(c) shows dispersive peaks, shifting towards higher temperature at increasing frequency. Above ~227K, magnitude and dispersion of tanδ(T) change abruptly, as illustrated by the locus of the peak-maxima. Interestingly, this temperature coincides with T 2 . Note that the typical "flat loss" spectral feature [17] is not observed here, which characterizes the relaxor ferroelectrics viz., the merging of loss tangent curves of different frequencies on their lower-temperature side. Therefore, the data apparently rule out the signature of polar nano regions (PNR's)/relaxor state, consequent to the expected electric-phase-changes at the T 1 and T 2 .
Dielectric constant ε′(T)
We reiterate that the smeared peaks obtained here in the dielectric constant within close proximity of our designated T C ~355K are not rooted in relaxations, since the associated loss tangent values (inset of Fig. 3(c) ) are devoid of any otherwise-necessitated peaks/maxima.
Neither do the imaginary-permittivity/modulus and real-impedance functions feature any peaks over the same T-window. Importantly, no generic relaxations in the dielectric spectra accompany a peak feature in the heat capacity data, which we clearly observe near T C (inset of Fig. 3(a) ).
Large measured permittivity (~O(10 3 ) near 355K) is commensurate with that of other ferroelectrics' near their T C [18] , including that of the single crystal KDP [19] . In a very recent review, Scott and Gardner [20] have observed that in typical magneto-electric materials, somewhat 'imperfect/distorted FE signatures' often indicate the existence of quasi-local order, which grows into robust/long-range ferroelectricity in their nanostructured/thin-film formations, as confirmed in the case of samarium orthoferrite (SmFeO 3 ) by Chaturvedi et. al. [21] . Nature of the sub-T C relaxation kinetics, evaluated below, serves to recognize the exact electrical phases in the hexagonal SBMO, coexistent with its intricate magnetically ordered state(s).
For a precise determination of the electrical relaxation character, fits on the frequencydomain tanδ T (ω) were performed ( Fig. 3(d) ), using general Havriliak-Negami (H-N) expression for the complex permittivity [15] :
Where ε * is the complex permittivity, ε″ is imaginary permittivity, Δε is known as dielectric strength of the material, τ is the mean relaxation time, σ 0 is d.c. conductivity, and (0 ≤ α, β ≤ 1)
parameterize the width (broadening) and shape (asymmetry) of relaxation peak spectra, respectively. Optimized α, β ≠ 1 from the H-N fits to tanδ T (ω) spectra mark their asymmetry ( Fig. 3(d) ) and T-dependent/extra-Lorentzian FWHM (inset), affirming the non-Debyean nature of the observed relaxations [15] . Corroborating the inference drawn from analyzing the room temperature data (Fig. 2) , the non-Debyean character clearly discounts any significant extrinsic contributions to the dielectric response due, e.g., to the Maxwell-Wagner type inter-granular free charges, or to the hopping of intra-granular oxygen-ions. Such independent and uncorrelated polaronic degrees of freedom represent extraneous and conduction-dominant responses, which may feature generic Lorentzian relaxation at very low frequencies, corresponding to the basic Debyean exponential time-decay dynamics [22] .
Accurate τ(T) obtained from the optimum H-N fits is plotted as ln(τ) versus T in Fig. 4 .
Clear change of curvature in ln(τ)-T at 220K reveals two types of relaxation mechanisms (I and II). Region II indicating low temperature divergence fits the characteristic power-law for cluster glasses, borrowed from critically-diverging dynamics of spin-glasses [23] ;
Here τₒ is the approach time for the nascent (just nucleated) dipole-clusters, T g is the glass transition temperature, and zv is dynamic exponent. Best fit yielding τₒ = 10.79µs, T g = 100.83K, and zv = 7.39 is shown in Fig. 4 . Optimized dynamic critical exponent is comparable to that for BaTi 0.65 Zr 0.35 O 3 (BTZ35) [24] , and for the 3D magnetic dipolar glass LiHo 0.045 Y 0.955 F 4 [25] .
Richert et. al. [26] showed in a calculation that asymmetry (β ≠ 1) of relaxation peak reflects as longer τ H-N (by up to ×3.6 here) versus the τ m read off directly from the peak-maxima-latter commonly used in Eq. 2. Rising sluggishness The anomalous/non-activated behavior of τ(T) in region I (Fig. 4) , bending over to saturation on the lower-T side-also witnessed in (Gd, Eu, Tb, Dy)MnO 3 by Schrettle et. al.
[29]-indicates local quantum tunneling mechanism [30] for the relaxation dynamics, involving small groups of only a few dipoles, lacking barrier-activation and size (distribution). This explains frequency-independent origin of ! ! ( )-plateaus, as the response due to nominallycooperative entities, defining no lengthscale. A generic/polynomial fit to lnτ(T) here yields τ sat ≈ 4.4µs for the asymptotic low-T relaxations over 220-245K, which may relate to the basic quantum tunneling rate. Interestingly, the quantum mechanical tunneling (QMT) is also indicated in this regime by a relatively constant Jonscher power-law index n(T) [30] of our a.c.
We have directly witnessed the essential aging and rejuvenation attributes of the electrical cluster glass phase (region II in Fractional falls during aging at these selected temperatures below the uniform cooling baseline are shown in the upper inset. Asymptotic rejuvenations back to the uniform cooling baseline (to within ~2%) in the post-isothermal/succeeding cooling laps are similar to those reported for the electrical cluster glasses [33] and for spin glasses [34] . Also shown in main panel is the uniformly warm up data (; open circles in the main panel) taken immediately after the cooling run interrupted with the three isothermal waitings. Surprisingly, in this special warm up run, we did not encounter any detectable trace of the dielectric 'holes' created at the isothermal waiting temperatures. This anomalous absence of the so-called 'memory' effect has been reproducibly confirmed over repeated such cycles. The excellent overlap of post-aging (circles) and generic (dashes) warm up runs' data, over the full temperature range of observation is remarkable. We did not find a repeat cooling run measurably different from the original baseline uniform cooling , and the same is not shown here for clarity. Essentially, all the same features, albeit having rather low signal-to-noise ratios, were also observed at 110 Hz probing frequency.
Consistent with sub-T g non-ergodicity (inability of glassy state to visit all its dynamically sluggish metastable states on finite timescale), relatively largest (upper inset) & slowest (lower inset) isothermal-aging-drop in εʹ are seen during waiting at 91K (i.e., just below T g ).
Consolidation of dynamical freezing with further lowering of temperature (with still possible thermal activation of yet-fewer/incompletely-frozen/less-sluggish metastable states) causes a lower drop at ~3/4T g . We are given to understand the 'no memory' (warm up run, ) signals witnessed here as consistent with fairly large and fast isothermal aging attribute-decays completed at the waiting temperatures within ~O(hr) (lower inset, also see [32] ), along with the rapid rejuvenations on reverting back to the cooling lapses of the run . Temperature dependent XRD patterns (150K-350K) were recorded using synchrotron source. R exp = 9.14%, R wp = 11.4%, R p = 10.4%, χ 2 = 1.56 were obtained for 300K, giving a respectable fit [35] . XRD patterns upto lowest temperature measured reveal that the crystal symmetry remains P6 3 /mmc down to low temperatures, thereby ruling out a robust (long range) ferroelectric ordering. In Fig. 6 (inset of Fig. 6(a) ). Therefore, inversion symmetry is locally broken in SBMO, which is the driving factor for the observed ferroelectricity at ~355K, although SBMO maintains overall centrosymmetric P6 3 /mmc structure over the studied temperature range. Local nature of the inversion symmetry-breaking is but reflected as the ±3K spread obtained in the FE-T C , vs. the probing frequency ( Fig. 3(a) ). It should be noted that though Rietveld analysis provides information related to an average long-range structure, yet at local or short range level, the structure can adopt non-centrosymmetric character, yielding inequivalent bond lengths [36] [37] [38] [39] [40] [41] .
Furthermore, numerical calculations have shown that the local breaking of inversion symmetry directly controls the microscopic origin of the Boson peak in model crystal systems [42] . It is also observed from Fig. 6 (a) that Δ increases with decrease in temperature down to ~330K, reflecting the enhancement of local inversion symmetry breaking. We denote 330K-350K as the ferroelectric region (FR).
As is evident from Fig. 3(b) , a plateau behavior in the dielectric constant emerges below With further decrease in temperature below T 2 , Mn shifts in the opposite z-direction, (Fig.   6(b) ). This Δz turnover of Mn-position reflects the rise-back of bond-length inequivalence (coincreasing Δ, (Fig. 6(a) ), leading to a 'reentrant buildup' of dynamic dipolar correlations. The magnetic anomalies at T 1 and T 2 combined with the associated spin-phonon coupling cause zigzag variation of Δ(T) across the TR regime, leading to cooperatively relaxing dipoles with sluggish/glassy character (up to only meso-sized, ~O(10 2 ) nm) upon cooling. We denote the temperature range below 225K as the glass region (GR). Shifts in the Mn z-position also lead to concurrent variations in the Mn-O-Mn bond-angle (Fig. 6(c) ), which too reflects anomalies across T 1 and T 2 . Singh et. al. showed for 0.9BiFeO 3 -0.1BaTiO 3 composite that while the structure remains the same, change in bond-angle across the magnetic transition temperature and hence, shifts in the position of atoms attributes to the origin of ferroelectricity [43] .
The observed magneto-structural-vibrational coupling is further manifest in the Mndisplacement E 1g Raman mode, as shown in inset of Fig. 6(c) . Across the ferroelectric transition confirming the spin-phonon coupling in SBMO [12, 44, 45] , also observed in strained EuTiO 3 , cubic SrMnO 3 , and Ba-doped cubic SrMnO 3 multiferroics-through softening of their magneticion related phonon mode-as a crucial signature for multiferroicity [7, 8, 46 ]. Now we discuss the rationale for the observed magnetic behavior. In SBMO, an intricate magnetic behavior is anticipated. The unit cell (u.c.) of this 4H structure has two face-sharing Mn 2 O 9 bi-octahedra; which in turn link together in a corner-sharing fashion through a common oxygen ( Fig. 7(a) ). The corner-shared linkage leads to a 180° antiferromagnetic superexchange (AF-SE) (J 1 ) in the network. Further, within the bi-octahedra, the short Mn 4+ -Mn 4+ distances (~2.50 Å) and the ~80° Mn 4+ -O-Mn 4+ triads through the face-shared oxygen atoms lead to direct-(J D ) and super-exchange (J S ) interactions respectively, giving rise to an effective magnetic exchange J 2 . The actual strength and sign of the magnetic interactions J 1 and J 2 will depend on the extent of the orbital overlap between the magnetic ion and the intervening oxygen [47] .
Convolution of the microscopic exchange interactions at work over particulate temperature windows effectively determines the magnetization status of the system therein.
From our magnetic data, as shown in Fig. 7(b) we observe that below 325 K, the magnetization starts decreasing gradually; albeit the width of the transition is rather broad. The magnetic data can be modeled by considering the Hamiltonian, 
where, N A is the Avogadro number, µ B is the Bohr magneton value, g is the Lande g-factor (taken to be 2.0), and magnetic field H z is set to 0.01 Tesla, as per the experiments. The magnetic data in the temperature range 225K-350K is fitted by iterating over the values of J 1 and J 2 ( Figure 7(b) ). Our best fit for the magnetization data in this temperature region yields J 1 = -18 meV and J 2 = -2.16 meV. We further notice that the value of magnetization for the highest temperature reported is far less than the spin-only moments of four uncorrelated spin-3/2 species per u.c. i.e., 3.3x10 -3 emu/gm; suggesting that even at 350 K, the system has not transformed fully into the paramagnetic state. In order to understand this, we computed the energy spectrum of spin-1/2, 1, and 3/2 systems using the above Hamiltonian (Fig 7(c) ), keeping the values of the model parameters unchanged. We notice that, unlike the systems with small site-spins, the spread in the energy of the eigenstates is fairly large for higher site-spins. In order to realize paramagnetic state, it is necessary that all the spin states are populated. However, in our present case, the higher site-spins of Mn 4+ ions lead to states that have wider spread in energy, thus requiring higher temperatures (vis-à-vis J i /k B ) to reach the paramagnetic state, as confirmed from our magnetic measurements, which did not show any signature of Curie-Weiss behaviour until 750K.
Now, we turn our focus on regime-2, corresponding to temperature values below 225K.
Here, we consider the enhanced non-linear Mn-O-Mn superexchange via the face-shared oxygen plus the direct Mn 4+ -Mn 4+ exchange (J 2 >> J 1 ), that facilitates long-range ordering in the system. This is supported by temperature dependent neutron diffraction studies on similar systems [13] , which showed long-range AFM ordering of both intra-and inter-bioctahedral Mn 4+ spins below 270 K. The Hamiltonian (1) is once again solved by the method discussed above, with J 1 fixed at -18 meV. The magnetic data is fitted via iterative process, by allowing only J 2 to vary, with the condition that J 2 >> J 1 ; our best fit yields J 2 = -86 meV. The strong antiferromagnetic nature of the effective interaction J 2 vis-à-vis J 1 can be understood in terms of the contributions from both (enhanced) super-and direct-exchange mechanisms between the Mn 4+ ions within each bioctahedron.
It should be noted that previous first-principles calculations based on the density functional theory had shown that there is no significant direct overlap of charge densities between the two Mn 4+ ions of the bi-octahedron [49] . However, it should be noted that these calculations were based on ground state structures, and hence the local distortions taking place versus temperature were not taken into consideration. In a related previous study on magnetic properties of 4H-SBMO, the SRC's at high temperatures were assigned to antiferromagnetic fluctuations within the bi-octahedron, and the low temperature properties were described based on the onset of LRC's due to the inter bi-octahedral interactions [50] . On the contrary, our experimental results on the crystal structure, Raman spectra, and magnetic measurements, supported by our theoretical model, show that the broad hump occurring at 325 K is a result of antiferromagnetic fluctuations between Mn 4+ ions of two adjacent bi-octahedra, and the long range ordering sets with the sudden increase of magnetic exchange within the bi-octahedron, as a result of the local structural distortion.
To further confirm that below 225 K, a different magnetic arrangement takes over, we performed magnetization versus field measurements from 200 K to 300 K at 5 K interval. From these measurements, we plotted the slope of M-H curves versus temperature ( Fig. 7(d) ), which
show an anomaly at 225 K. Thus, our experimental results and model calculations throw light on the strength of the magnetic exchange mechanisms involved in SBMO. Neutron diffraction experiments as well as a microscopic electronic model that includes electron-phonon interactions should deepen our understanding of the complex magnetism in this system, which needs to be further explored.
Magneto-dielectricity MD(%) is given by [51]
We measured MD(H) under magnetic field up to 9T at 210K/1kHz and at 300K/1MHz, shown in Fig. 8(a, b) . While the isotherm MD 300K (H) is all-positive, MD 210K (H) is all-negative valued. To discern if and how the (magneto) conductance influences our results, we have also plotted the
×100 at both 210K (LT) and 300K (RT) in To better understand MD T (H), we performed close by magnetization measurements.
From Table 1 , it is clear that T 1 and T 2 are both maximum at ~5-6T, above which they both show measurable decreases. Now, referred to genuine ME as demonstrated-along with the observed non-Debyean relaxation and bulk-nature of the high-frequency response at sub-ambient temperatures-adequately guarantee the MEorigin from an essentially intrinsic dielectric response.
Summarizing our work, it is established that the improper-ferroelectricity manifest in Sr0.6Ba0.4MnO3 arises from the structure-conserving/locally-unequal Mn-O bond lengths in the MnO6 octahedra. The magneto-electricity here is due to the Mn-displacement soft-phonon mode being coupled to the spins in the material. The two magnetic anomalies at 325K and 225K here accompany concurrent anomalies in its structural parameters and changes of its electrical states.
The smooth magnetization-maximum at 325 K is a result of antiferromagnetic short range correlations between Mn4+ ions of two adjacent bi-octahedra and owes to the local structural distortion, as per confirmed from calculations with a model spin-Hamiltonian. The long range ordering sets in upon the sudden increase of magnetic exchange interaction between Mn4+ ions within the bi-octahedron; responsible for the second magnetic anomaly and its associated magneto-electric manifestation. The two particulate magneto-electric effects of opposite signs are traceable to spin-exchange/local-strain frustration for free energy minimization. Here, the crossover upon cooling from the soft-mode ferroelectricity breaking into reentrant cluster-glass phase via tunneling state has been maidenly recognized. The electrical cluster glass phase is well confirmed by its characteristic aging and rejuvenation features. From our study, SBMO comes across as one of the rare multifunctional materials, where FE and AFM orderings occur within a narrow ambient window close to room temperature. In this perspective it is vital to explore the oriented/epitaxial films of similar materials, which in bulk form exhibit soft mode FE ordering, even though their global structure is centrosymmetric. Indeed, the observed AFM ordering can also be tuned in such epitaxial films to be ferromagnetic [7] , upon choosing a proper epitaxial strain.
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